Silver (Ag) coatings have been widely used in many industry areas due to their excellent conductivity. However, wider applications of Ag coatings have been hindered by their poor mechanical properties. In this research, to improve the mechanical performance, Ag-Bi nano-composite coatings were prepared by a novel ionic co-discharge method.
Introduction
Silver (Ag) or silver coatings have been widely used in diverse applications for their unique properties, such as shiny color, excellent electrical conductivity, high thermal conductivity and good antimicrobial properties [1] [2] [3] [4] . For example, Ag coating/ film can be used as conductors for electrodes and ceramic capacitors in electronics, etc. [5] However, bulk Ag or Ag coatings are relatively soft, and the wear resistance of pure Ag is always much lower than that of nickel (Ni) or copper (Cu) [3, 6, 7] . Significant efforts have been made to improve the wear resistance (or enhance the hardness of the Ag coating), for example by introducing hard nanoparticles to generate Ag-based composites [8] [9] [10] , creating new Ag-based alloys with special structures [1, 7, [11] [12] [13] [14] [15] and by reducing the grain size [11, [16] [17] [18] [19] [20] . Also, multiple deposition techniques, i.e., electrodeposition, physical vapor deposition (PVD), chemical vapor deposition (CVD) and magnetron sputtering, have been employed to prepare Ag coatings with improved properties [21] . Among those techniques, electrodeposition method has attracted plenty of interest due to its time efficiency, low cost, simple process and controllable micro/nanostructures [9, 16, 22 ].
An ideal Ag based coating should have good electrical conductivity and high wear resistance/hardness. As electrical conductivity and alloy strength are opposing properties, it is difficult to obtain an Ag coating with good electrical conductivity and high hardness simultaneously. Coating with a high proportion of alloying elements can significantly improve the hardness of Ag coatings but in most cases severely decrease electrical conductivity [21] . Ag nano-composite coatings have been extensively explored by introducing solid hard particles in the plating solutions. However, limited improvements were obtained as the second strengthening phases are tend to agglomerate during the plating process. We recently developed a new process, namely the ionic co-discharge method, which creates a composite coating without adding particles to the bath. Here the second phase material exists in the form of aqueous solution during the plating process. The precursor of nanoparticles exist as ions in the electrolyte and allows them to discharge onto the cathode, therefore avoiding the agglomeration of nano-particles effectively.
The solubility of bismuth in silver is relatively low (~1.5 at. %) according to it's phase diagram [22] . It has been shown that Bi addition is a promising method for improving the mechanical and physical performance of Ag coating [23] . In this research, Ag-Bi coatings with different quantities of Bi were prepared by our newly developed ionic codischarge electrodeposition method. A systematic study was conducted in order to investigate the effects of different Bi addition on the performances of Ag-Bi nanocomposite coatings.
Experimental

Sample preparation
The coatings were electroplated onto Ni-coated brass plates (20 × 25 × 0.6 mm 3 ). The purpose of the ~7 μm Ni layer is to prevent inter-diffusion between the brass substrate and Ag. Before electroplating, all specimens were pretreated in an alkaline solution at 80 °C for 10 seconds. A short Ag strike coating was applied for a period of 5 seconds, using stainless steel as the anode. The bath chemical composition and plating parameters are presented in Table 1 . The Bi electrolyte was prepared as reported in our previous papers [23] . 
Sample characterizations
The crystal structures of coatings were measured by X-ray diffraction (XRD) with Cu Cross-section images of the coatings are recorded after standard polishing process.
Since the coating was expected to have a quite small grain microstructure, with grain sizes less than one micrometers, TEM images would be appropriate to provide further information about the coatings structure. The peeled off coatings were thinned using ion beam milling system, and the TEM images were taken by a high-resolution TEM (FEI TECNAI G2 F20, 200 kV).
The nanoindentation tests were conducted using a Hysitron TI950 Triboindenter in two directions (i.e., longitudinal and transverse directions) with a diamond Berkovich tip.
The maximum indentation loading was 5 mN so that the maximum indentation depth was around 300 nm in both directions to avoid the substrate effect. The maximum load was held for 10s to avoid creep behavior in either indentation direction. Multiple indents were performed, and the corresponding load-depth curves were obtained. The surfaces perpendicular to the transverse direction were polished using a standard method so the influence of surface roughness could be ignored. The indentation on the as-deposited surface could be influenced by the surface roughness, so special care was taken to select indents and calculate the hardness following our earlier method [23, 24] .
The electrical resistivity of coatings was measured by the four-point probe method.
Before conducting the test, Ag and Ag-Bi coatings were peeled off from the substrate and were placed on a silicon substrate. Then the electric current was applied through the two outer probe points, and the potential was measured between two inner probe points with a Keithley 2602 Meter (Cleveland, OH, USA). The electrical resistivity of coatings were obtained by calculation using a standard method [25] .
To evaluate the antibacterial behaviors of coatings, inhibition percentage tests were performed on coating samples. Escherichia coli (E. coli ATCC25922) which have been extensively studied were used. A colony E. coli was first cultured in 100 mL liquid Tryptic Soy Broth (TSB) medium overnight at 37 °C. Then 1 mL of E. coli containing the TSB medium was inoculated into 100 mL fresh TSB medium in sterile conic flasks.
Sterile conic flasks containing a 100 mL diluted E. coli solution and coatings samples were incubated at 37 °C for 18 hours. The control sample, without a coating sample, which contained only 100 mL E. coli solution, was also incubated. After incubation, the optical density of E. coli solutions was measured with a UV-Vis spectrophotometer (Agilent 8453) at a wavelength of 600 nm. All the antibacterial experiments were conducted in triplicate.
Results and Discussion
Phase structure of coatings
The XRD spectra of four coatings are shown in (111) when they prepared Ag-5.1% Bi alloy using mechanically milling. Figure 3 shows the surface morphologies of Ag and Ag-Bi nano-composite coatings.
Surface morphology and cross-section of coatings
All coatings show a typical nodular structure. The nodule shape with Ag-Bi coatings is more pronounced with the nodule size increasing as the Bi content increases.
The cross-sectional images of Ag and Ag-Bi nano-composite coatings are shown in Numerous internal defects were observed in TEM image of the Ag+5mL/L Bi coating and, as shown in Figure 6 (c), a large number of nanoparticles were observed in the center area of coating. In our previous study of an Ag+2.5mL/L Bi coating [24] , high magnification TEM images demonstrated that nanoparticles with a size of ~10 nm are formed by the electrodepositing process. Hence, the Ag-Bi nano-composite coatings were successfully prepared in the current study.
Mechanical property of coatings
Nanoindentation is a small-scale in-situ testing and characterization method which has been widely used for coatings, thin films and bulk polycrystalline materials [26] [27] [28] [29] [30] [31] [32] .
The load-depth (P-H) curves from the nanoindentation along the transverse direction (or on the cross-section view) the four coatings are presented in Figure 7 . With respect to the influence of the possible microstructural anisotropy and texture of the coating layers [23, 24, 33, 34] , the columnar or lamellar microstructures of the coating layers naturally give rise to the directionally dependent elastic-plastic properties. The anisotropic properties of the coatings or thin films could be characterization using either nanoindentation or resonance ultrasound spectroscopy [35] [36] [37] . In the current study, the nanoindentation tests were also conducted in the longitudinal direction (on the asdeposited surface). The hardness were calculated using the Oliver-Pharr method, and the results were shown in Figure 8 .
With the same maximum indentation load, a higher indentation depth obtained on a coating indicates a softer alloy. Among the four coatings, the pure silver coating was the softest and the Ag+2. 
Electrical resistivity of coatings
The electrical resistivity or the electrical conductivity is a crucial parameter for application of Ag in the electric industry. The electrical resistivity and conductivity of four coatings are listed in Table 2 . Since the International Annealed Copper Standard (IACS) is a commonly used term to represent the conductive capacity of alloys, the electrical conductivity of the current coatings are also converted to the IACS in Table   2 . A 100 % conductivity sample has the electrical resistivity as 1.7241×10 -8 Ω·m (or equal to the conductivity of 5.80×10 7 S/m) at room temperature [39] .
The pure Ag coating possesses the highest electrical conductivity among the four coatings. The addition of Bi to Ag matrix did slightly increase the electrical resistivity as expected. A general relationship has been summarized in our previous study [23] that the higher volume of alloying elements, the higher the electrical resistivity. This relationship is very consistent in the binary alloy systems of Ag when the atomic percent alloying elements is no more than 20%. As the compassion between Ag and Ag+2.5 mL/L Bi, the ~6% increase in the electrical resistivity is quite small compared to the 60% increase in the hardness. The low electrical resistivity (at least 87% IACS) and the high hardness of Ag-Bi coating demonstrated that the current ionic co-discharge method successfully prepares a much stiffer coating with minimal reduction in electrical conductivity. The Ag-Bi nano-composite coating is a good candidate for electrical contacts.
Antimicrobial property of coatings
The antimicrobial behaviors of four coatings were investigated using E. coli ATCC 25922. The inhibition percentage of the coatings was calculated by using the equation
where I % is the percentage inhibition of growth, con18 and con0 are the optical density at 600 nm of E. coli in TSB as the control of the organism at 18 h and 0 h, respectively.
Samp18 and samp0 are the optical density at 600 nm of E. coli in TSB with the presence of samples at 18h and 0 h, respectively.
Then, the inhibition percentage of four coatings after 18 hours was calculated and listed in Table 3 . The antimicrobial property of the substrate (Ni coated brass) was also tested as a comparison. The inhibition percentage of E. coli growth for pure Ag coating is 76.6 %, which is much higher than the 31.2% measured from the substrate.
The inhibition percentage of Ag-2.5 mL/L Bi coating is 76.2 % which is quite close to that of the pure Ag. Further addition of Bi led to a slight decrease of the inhibition for bacteria growth. However, strong inhibition capability (>70 % inhibition) was observed among different Ag-Bi nano-composite coatings when compared to the substrate.
Silver contains a low toxicity and can be used as effective antibacterial agents in medical fields [40, 41] . Several mechanisms have been proposed for the antibacterial mechanism of Ag ions, i.e., protein dysfunction; production of reactive oxygen species and depletion of antioxidants; impaired membrane function, and interference with the nutrient assimilation [42, 43] . Protein dysfunction is the main antibacterial mechanism.
In the case of Ag coating, Ag ions bind to electron donor groups such as sulfhydryl, amino, and carboxyl of proteins, leading to their denaturation and consequently to the inactivation of several vital functions of the bacteria [44] .
Multiple factors, i.e., the concentration of the ion release [45] , surface morphology/roughness [46] , grain size [47] , etc., will determine the antibacterial behaviors of a coating. As the SEM images shown in Figure 4 , the surface roughness would barely influence with Bi addition. Meanwhile, the smaller Bi concentration would affect the concentration of the ion release. Hence, the grain size and different grain cluster shown in Figure 3 would be the reason lead to different antibacterial behaviors.
Conclusions
In the current study, we utilized a novel ionic co-discharge method to prepare high- The outcome of this research will have a broader application in electronics, jewelry, aerospace, and other industries. Tables   Table 1 Solution composition and processing 
